Abstract. The Arabian Sea plays an important role in the marine nitrogen cycle because of its pronounced mid-water oxygen minimum zone (OMZ) in which bio-available nitrate (NO − 3 ) is reduced to dinitrogen gas (N 2 ). As the nitrogen cycle can respond fast to climate-induced changes in productivity and circulation, the Arabian Sea sediments are an important palaeoclimatic archive. In order to understand seasonal and interannual variations in the nitrogen cycle, nutrient data were obtained from the literature published prior to 1993, evaluated, and compared with data measured during five expeditions carried out in the framework of the Joint Global Ocean Flux Study (JGOFS) in the Arabian Sea in 1995 and during a research cruise of RV Meteor in 2007. The data comparison showed that the area characterized by a pronounced secondary nitrite maximum (SNM) was by 63 % larger in 1995 than a similarly determined estimate based on pre-JGOFS data. This area, referred to as the core of the denitrifying zone, showed strong seasonal and interannual variations driven by the monsoon. During the SW monsoon, the SNM retreated eastward due to the inflow of oxygenenriched Indian Ocean Central Water (ICW). During the NE monsoon, the SNM expanded westward because of the reversal of the current regime. On an interannual timescale, a weaker SW monsoon decreased the inflow of ICW from the equatorial Indian Ocean and increased the accumulation of denitrification tracers by extending the residence time of water in the SNM. This is supported by palaeoclimatic studies showing an enhanced preservation of accumulative denitrification tracers in marine sediments in conjunction with a weakening of the SW monsoon during the late Holocene.
Introduction
The marine nitrogen cycle, which strongly influences the fertility of the ocean and the sequestration of CO 2 from the atmosphere, is mainly controlled by nitrogen fixation (N 2 → NH 3 ) and the reduction of NO − 3 to dinitrogen gas (NO − 3 → N 2 ; Brandes and Devol, 2002; Deutsch et al., 2007; Dugdale and Goering, 1967; McElroy, 1983) . The reduction of NO − 3 → N 2 , referred to as denitrification (Eqs. 1-3), is a combination of different microbial processes such as the NO − 3 (Eq. 1) and NO − 2 reduction (Eq. 2), which can be expressed stoichiometrically as follows: (1) 
of the central and eastern Arabian Sea (Bange et al., 2000; Bulow et al., 2010; Codispoti et al., 2001a; Devol et al., 2006; Naqvi, 1987; Nicholls et al., 2007; Ward et al., 2009 ).
In the western Arabian Sea on the highly productive Oman shelf, the co-occurrence of denitrification, the dissimilatory NO − 2 reduction (DNRA), and anaerobic ammonium oxidation (anammox) were assumed to be the pathways through which NO − 3 was reduced to N 2 . Nitrogen budgets of the Arabian Sea show that today NO − 3 losses from the OMZ are mainly balanced by inputs of NO − 3 through the northward propagating Indian Ocean Central Water (ICW; Bange et al., 2000) . As documented in the sedimentary record, this ventilation has fluctuated at millennial timescales in the Pleistocene and determined the position and extent of the OMZ and denitrification (Pichevin et al., 2007) . In order to study recent changes of the nitrogen cycle in the Arabian Sea, we evaluated and compared nutrient data obtained from the literature published prior to 1993 (Naqvi and Shailaja, 1993; Naqvi, 1991) during five expeditions carried out within the framework of US Joint Global Ocean Flux Study (JGOFS) in 1995 (Morrison et al., 1998 ) and a research cruise of RV Meteor in 2007 (M74/1b; Fig. 1 ). The results were furthermore compared to sedimentary records from the Arabian Sea covering the last 11 700 years (Altabet et al., 2002; Pichevin et al., 2007) .
Study area
The Arabian Sea is strongly influenced by the Asian monsoon, which is driven by summer heating and winter cooling of the Asian land mass (Ramage, 1987) . Winter cooling increases productivity and organic carbon export by deepening the mixed layer and thereby entraining nutrients into the euphotic zone (Rixen et al., , 2009 Wiggert et al., 2000 Wiggert et al., , 2002 . In summer (SW monsoon), the strong heating forms an atmospheric low over Asia that attracts the SE trade winds of the Southern Hemisphere. After crossing the Equator, the SE winds turn to SW winds forming a low-level, crossequatorial jet stream, which is indicated by enhanced wind speeds over the Arabian Sea ( Fig. 1 ; Findlater, 1977) . This so-called Findlater Jet causes upwelling off Somalia, Yemen, and Oman, which is the main process controlling biological productivity and the associated export of organic matter from the sunlit surface ocean into the deep sea during the SW monsoon (Brock et al., 1991 (Brock et al., , 1992 Rixen et al., 2000 Rixen et al., , 2009 . Contrary to expectations, the OMZ is spatially separated from the highly productive zones in the western and northern Arabian Sea and is most pronounced in the northeastern Arabian Sea (Naqvi, 1991) . This spatial separation is caused by the oceanographic conditions characterized by a strong propagation of ICW via the Somali Current through the Strait of Socotra into the western Arabian Sea (Fischer et al., 1996b; Stramma et al., 1996) . The ICW originates by convective mixing in the southern Indian Ocean (Sverdrup Naqvi and Shailaja (1996) and show the expansion of the area in which NO − 2 concentrations within the SNM were > 0.5 µmol kg −1 (broken line) and > 2 µmol kg −1 (solid line). Circles represent the stations covered during the US JGOFS expeditions in 1995 (red and black) and the RV Meteor cruise M74/1b in 2007 (white). The M74 stations are indicated by the numbers 944-958 and the US JGOFS station numbers are A, M1, S(1-13), and N(1-11). The station at which nitrite concentrations > 2 µmol kg −1 were observed outside the area marked by Naqvi and Shailaja (1996) in 1995 are indicated by the black circles. Based on these stations and the former 0.5 µmol kg −1 line, the expansion of the area in which NO − 2 concentrations within the SNM were > 2 µmol kg −1 in 1995 was drawn (red broken line). The blue stars indicate the location of the sediment cores MD-04 2876 (Pichevin et al., 2007) and RC-2723 (Altabet et al., 2002 (Altabet et al., ). et al., 1942 and mixes with the Indonesian Throughflow and Subtropical Subsurface Water (SSW) prior to its entry into the Arabian Sea (Schott and McCreary, 2001) . Overall the ICW contributes approximately 25 % to the thermocline waters in the upper OMZ (water depth < 500) of the Arabian Sea . In addition to the ICW, Red Sea and Arabian Sea High Salinity Water also contribute to the formation of the thermocline water referred to as the North Indian High Salinity Intermediate Water (NIH-SIW; Morrison et al., 1998; Schott and McCreary, 2001; You, 1997) . During winter, the prevailing NE winds (NE monsoon) reverse the surface ocean circulation in the Arabian Sea and the Somali Current (Fischer et al., 1996a; Schott and McCreary, 2001) .
Methods
During the RV Meteor cruise M74/1b from 18 September to 4 October 2007 in the Arabian Sea, water samples for tions, 5 (949, 950, 953, 955, and 957) were sampled with a high vertical resolution (25 m) down to a water depth of 1200 m (Figs. 1, 2) . The rosette water sampler was attached to a Sea-Bird CTD, which was additionally equipped with a fluorescence and an oxygen sensor (SBE 43). In addition to the SBE43, a microsensor and, at a selected depth, a STOX (Switchable Trace amount OXygen) sensor were also used by Jensen et al. (2011) . The STOX sensor revealed a detection limit of 90 nmol O 2 L −1 during the in situ deployments. The STOX data were used to calibrate the microsensor, and the calibrated microsensor data correlate with SBE43 data. However, at oxygen concentrations < 0.4 µM, SBE43 remained constant, showing that lower oxygen concentrations could not be resolved. The Winkler method was used to calibrate the SBE43 data, and the resulting regression equation (y = 1.03×) was forced to the zero intercept.
Nutrients were analysed on board with a SKALAR autoanalyser according to the methods described by Grasshoff et al. (1999) . Grasshoff et al. (1999) and US JGOFS programme (Morrison et al., 1999) followed the standard procedure for the determination of NO − 2 as introduced by Bendschneider and Robinson (1952) . After reducing NO (Gruber and Sarmiento, 1997) . In order to avoid negative values, we multiplied N * by −1. Accordingly, increasing NO (Casciotti and McIlvin, 2007; Gaye et al., 2013) . The standard deviation for IAEA-N3 was 0.3 ‰, which is in the same range for δ 15 N NO 3 for at least duplicate measurements of the samples.
Results and discussion

The secondary nitrite maximum (SNM)
In the central and eastern Arabian Sea, increased NO − 2 concentrations occurred within the upper part of the OMZ corresponding to oxygen concentrations < 5 µM (Fig. 2) . This NO − 2 accumulation was first reported in 1933 /1934 (Gilson, 1937 and is referred to as the secondary nitrite maximum (SNM). NO − 2 is an intermediate product, formed during nitrification and NO − 3 reduction (see Eqs. 1-3). Due to the lack of oxygen required for nitrification, the formation of the SNM was assumed to be caused primarily by denitrification (Naqvi, 1991) . This view was furthermore supported by nutrient profiles showing that the SNM was associated with a pronounced NO − 3 deficit. As mentioned before, this deficit can be calculated as N * (Gruber and Sarmiento, 1997) . The highest NO − 3 deficit coincided with a pronounced positive deviation of the δ 15 N values of NO − 3 , which was observed by Naqvi et al. (1998) and Naqvi (1991) as well as during our cruise in 2007 (Fig. 2) . The enrichment of the heavier isotope 15 N in NO (Cline and Kaplan, 1975; Mariotti et al., 1981) . However, Bulow et al. (2010) found that NO − 2 concentrations increase in conjunction with rising denitrification rates. Consequently, NO − 2
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concentrations close to zero indicate very low denitrification rates, implying that denitrification was mainly restricted to the SNM in the upper part of the OMZ during the cruises (Fig. 2) .
Recently developed 15 N incubation experiments indicated that other processes could also produce and consume NO were a minor source and sink. Integrated over the water column, these sources slightly exceeded the sinks, suggesting a net NO 2 production of 0.06 mmol N m −2 day −1 . Due to this low net production, the NO − 2 mass balance calculations indicated a mean residence time of 49 years of water within the OMZ. Such a long residence time, in addition to high anammox rates (up to 39 nmol N L −1 day −1 ) measured along the Oman shelf, leads to the conclusion that processes at the basin's boundaries were mainly responsible for the severe NO − 3 deficits seen in the SNM of the whole Arabian Sea . The residence time of nitrite-enriched OMZ waters resulting from these rate measurements of 49 years is within the upper range of earlier estimates, which vary between 1 and 50 years (Naqvi and Shailaja, 1993; Olson et al., 1993; Sen Gupta and Naqvi, 1984) . The only study using trichlorofluoromethane for calculating the residence time suggested a mean residence time of 10 years for waters in the OMZ (Olson et al., 1993) . Such a residence time is too short to explain the occurrence of the SNM by just considering NO Low anammox rates (< 4.23 nmol N L −1 days −1 ) in the central Arabian Sea have also been confirmed in other experiments (Bulow et al., 2010; Nicholls et al., 2007; Ward et al., 2009 ). However, in contrast to Jensen et al. (2011) and Lam et al. (2011) , these studies obtained substantially higher denitrification rates, with averages between 8.45 (±2.78) and 9.1 (±1) nmol L −1 day −1 (Bulow et al., 2010; Devol et al., 2006; Ward et al., 2009) . Such rates suggest, in conjunction with an area of active denitrification of 1.37 × 10 12 m 2 (Naqvi, 1991) and a vertical extension of the SNM of 250 m (Fig. 2) , a NO − 3 loss rate ranging from 0.71 to 1.40 × 10 12 mol N yr −1 (∼ 9.9-19.7 Tg N yr −1 ). The resulting average NO − 3 loss of 15.4 ±4.3 Tg N yr −1 is within the medium range of previously published denitrification rates ranging from approximately 2 to 4 Tg N yr −1 (Deuser et al., 1978; Naqvi et al., 1982; Somasundar et al., 1990) to values of 10 and 30 Tg N yr −1 (e.g. Bange et al., 2000; Gaye et al., 2013; Howell et al., 1997) and even reaching values of 60 Tg N yr −1 (4.28 × 10 12 mol N yr −1 ). While the lower estimates were mainly derived from NO − 3 losses obtained and interpolated through different methods and nitrogen isotopic mass balance calculations, the high rate of 60 Tg N yr −1 was based on the excess N 2 concentrations derived from N 2 / Ar ratios (Codispoti, 2007; Codispoti et al., 2001b) . However, this comparison indicates that, considering the uncertainties, the denitrification rate measured by Devol et al. (2006) and Bulow et al. (2010) could explain NO − 3 deficits in the OMZ of the Arabian Sea. The formation of NO − 2 during denitrification (Bulow et al., 2010) could furthermore be the additional NO − 2 source required to explain the lower residence times of water in the OMZ. This, in addition to low anammox rates in the SNM, supports the original assumption of Naqvi (1991) , who used the occurrence of the SNM to map the spatial extent of the denitrifying zone.
Spatial expansion of the SNM
For mapping the spatial extent of the SNM, data from approximately 674 stations north of 10 • N were available in 1991 (Naqvi, 1991) . These data included also those which were obtained almost 50 years ago during the International Indian Ocean Expeditions (IIOE). Stations with SNM > 2 µmol kg −1 were considered to be part of the core denitrifying zone. The resulting map (see Fig. 1 ) indicates the maximum expansion of the core of the denitrifying zone prior to 1991. However, uneven data coverage in space and time was assumed to bias the mapped extent of the denitrifying zone (Naqvi, 1991) . The main problems were that the data density was higher during the NE monsoon than during the SW monsoon and that more data were collected in the northwestern Arabian Sea than in the remaining parts.
To reduce problems associated with the spatial coverage, all data were collected along a pre-defined station grid during the five US JGOFS cruises in 1995 (Figs. 1, 3) . The five data sets revealed a pronounced seasonality of the denitrification zone, with the least expansion during the early phase of the SW monsoon (Figs. 3, 4; Codispoti, 2000; Morrison et al., 1998) . During the NE monsoon, the denitrification zone expanded westward. However, in 1995 an SNM was observed at stations (e.g. N4, S6 and S13) where no SNM was observed prior to 1991 (Fig. 1) . In the northern and western Arabian Sea, it seems that the area which was characterized by NO − 2 concentrations between 0.5 and 2 µmol kg −1 prior to 1991 revealed NO − 2 concentration > 2 µmol kg −1 in 1995 (see red broken line in Fig. 1 ). This represents an expansion of the area known to be characterized by NO − 2 concentration > 2 µmol kg −1 by 63 % from 0.56 to 0.91 × 10 12 m 2 . In view of the data limitation and the fact that these stations in the north and west were characterized by an SNM with NO − 2 concentrations > 0.5 µmol kg −1 even prior to 1991, we would not call it a trend but rather an indication of considerable seasonal and interannual variation in denitrification. Fig. 4 (a) , Fig. 5 (b) , and Fig. 6 (c, d) .
Seasonal variability in the SNM
In order to study processes controlling the seasonal variability of denitrification, we compared the stations within the SNM in the eastern and northeastern part of the Arabian Sea with the western stations which were in the upwelling area and had no pronounced SNM (Fig. 4) . All nutrient data, oxygen concentrations, and densities of water masses within the SNM were averaged (Table 1 ). The obtained data show a negative correlation between mean oxygen concentrations and the mean NO − 3 deficit, expressed as N * , indicating that decreasing oxygen concentrations favoured denitrification in the SNM (Fig. 5a) . The correlation between oxygen concentrations and N * (which was not found at the western stations) confirms that denitrification was significant below an oxygen concentration of approximately 1 µM. Since denitrification does not utilize oxygen, the decreasing oxygen concentrations associated with increasing N * indicates that denitrification was also coupled to processes using up oxygen such as nitrite oxidation and/or aerobic respiration (Gaye et al., 2013) .
In 1995 the lowest mean oxygen concentrations in the SNM occurred during the peak of the SW monsoon (August/September; Fig. 5b ), when the enhanced supply of organic matter reduced oxygen concentrations and induced denitrification as reflected in high N * values (Table 1, Fig. 5a ). The second pronounced drop of oxygen occurred between November and December, when the organic carbon flux was relatively low (Fig. 5b) . This decrease could have been associated with a reversing current regime, in the course of which the westward flowing water lead to the westward expansion of the SNM (Fig. 4, cruise ttn53) . After the spring reversal of the current regime around March/April, the oxygen concentrations in the SNM continued to rise (Fig. 5b) and the SNM retreated eastward between the late NE monsoon and the early SW monsoon (Fig. 4) .
The role of the shelf and slope
The Indian shelf has low oxygen concentrations, especially during and after the SW monsoon (Naqvi et al., 2000) , and denitrification rates measured during this time north of 14.5 • N at water depth between 20 and 80 m reveal a mean denitrification rate of 52.7 nmol N L −1 day −1 . This rate is approximately 6 times higher than denitrification rates within the SNM and even exceeds the high anammox rates on the Oman continental margin Jensen et al., 2011) . In order to estimate separated from the area of active denitrification on the shelf due the inflow of the West India Undercurrent (WIUC) carrying slightly oxygen-enriched waters of equatorial origin northwards during the SW monsoon . Since the high denitrification rates were furthermore measured at water depths between 20 and 80 m, it is assumed that NO − 3 loss on the Indian shelf hardly affect the SNM, which is at water depths between 125 and 375 m in the open ocean. N losses measured by means of incubation experiments off Pakistan in surface sediment at water depth of 360 m revealed denitrification and anammox rates of 2.7 and 0.21 mmol N m −2 day −1 , respectively (Sokoll et al., 2012) . This is within the range of those measured by Schwartz et al. (2009) at the Pakistan continental margin (0.07-3.78 mmol N m −2 day −1 ) and exceeds those measured on the Indian shelf of 0.17-1.33 mmol N m −2 day −1 (Naik, 2006; Schwartz et al., 2009 ). According to the ETOPO01 model, the area with water depths between 125 and 375 m along the Indian continental margin amounts to 2.2 × 10 10 m 2 . The volume of water above that area and below a water depth of 125 m was estimated to be 1.84 × 10 12 m 3 . Assuming the same NO 
Interaction between the SNM in the central and eastern Arabian Sea and the upwelling region in the western Arabian Sea
Mixing in the ocean's interior occurs along isopycnal surfaces and likely varies seasonally between the western Arabian Sea upwelling area and the eastern SNM. We averaged all seawater properties in the western Arabian Sea within the density range (sigma-t: 26.3-26.6) in which the SNM was located in the eastern Arabian Sea (Table 1) . The mean oxygen concentrations in the western Arabian Sea showed highest values during the peak of the NE monsoon in January/February (Fig. 5d) . At this time, winter convection driven by wintertime cooling of sea surface deepens the mixed layer. Since the depth of the mixed layer exceeds the depth of the euphotic zone, light limitation reduces photosynthesis and the resulting export of organic carbon in January/February ( Fig. 5d ; . Reduced organic carbon export fluxes and increased ventilation due to deep mixing could explain the high mid-water oxygen concentrations and the interrupted westward expansion of the SNM during the peak NE monsoon in 1995 (Fig. 4, cruise ttn43 ). In March enhanced fluxes seem to have reduced oxygen concentrations, which remained low until the SW monsoon (Fig. 5d) . At the same time as the peak in organic carbon flux at the end of the SW monsoon in September, the oxygen concentrations reached their second maximum (Fig. 5d ). In line with model studies (Anderson et al., 2007) , this implies that, despite high organic carbon fluxes, a reinforced propagation of oxygen-enriched ICW through the Strait of Socotra into the region off southeastern Oman increased the oxygen concentration in the western Arabian Sea and inhibited the westward expansion of SNM during the SW monsoon (Fig. 4) .
"Oxygen-enriched" is a relative term in this context. In mass balance calculations, the ICW was considered oxygenpoor and its preformed oxygen depletion is a crucial factor for maintaining the OMZ in the Arabian Sea (Pichevin et al., 2007; Sen Gupta et al., 1975; Warren, 1994) . According to the World Ocean Atlas 2009 (Garcia et al., 2010) , the water masses in the Strait of Socotra are undersaturated with respect to oxygen and have concentrations of approximately 52 µmol O 2 kg −1 (averaged between 10 and 11 • N and 51 and 53 • E and at a water depth between 200 and 400 m). Compared to the western Arabian Sea off the southeastern coast of Oman, where the oxygen concentrations were < 10 µmol O 2 kg −1 , the ICW is oxygenenriched. Since the ICW was probably oxygen-saturated during its formation in the southern Indian Ocean and lost oxygen on its way through the Indian Ocean, it is considered oxygen-depleted with respect to its potential ventilation impacts resulting from its original oxygen concentrations. However, as long as oxygen concentrations of ICW in the Strait of Socotra are higher than those in the Arabian Sea, its inflow increases the oxygen concentrations in the Arabian Sea, and therefore the ICW is considered oxygen-enriched in the following discussion.
During the peak of the NE and the SW monsoons when oxygen concentrations in the western Arabian Sea reached their maxima, oxygen concentrations in the SNM were extremely low (Fig. 5b, d) . The difference between the oxygen concentrations in the west and the SNM was highest during these two phases. Conversely, the lowest difference in the oxygen concentrations occurred during the intermonsoon, suggesting that, in the absence of high organic carbon export fluxes and inputs of ICW, isopycnal mixing reduced the gradient between these two regions (Fig. 5b, d) . The lower gradient of oxygen concentrations between these two regions was associated with higher NO − 3 deficits in the western Arabian Sea (Fig. 5c) , suggesting that denitrification signals from the SNM propagate by isopycnal mixing into the upwelling region.
Interannual variability
In order to investigate changes between the SW monsoon 1995 and that in 2007, 10 JGOFS sites were revisited during a research cruise with RV Meteor (M74/1b; Figs. 1,  3) . During sampling off Oman in September 2007, upwelling was still active, as indicated by enhanced phosphate (> 1 µmol kg −1 ) and chlorophyll concentrations in surface waters (Fig. 6) .
The spatial expansion of the denitrifying zone was much larger during the late SW monsoon in 2007 than during a similar period in 1995 (Fig. 7) . The denitrifying zone revealed a pronounced westward expansion with a weak SNM at station 949/S6, where no SNM was observed during the late SW monsoon in 1995 (Fig. 8b, d ). Furthermore, enhanced N * values associated with the SNM support the occurrence of denitrification in 2007 (Fig. 8a, b) . The mean NO − 2 concentrations in the SNM were higher in 2007 than observed at any time in 1995 (Figs. 7, 8c , Table 1 ). In line with the linear correlation between denitrification rates and NO − 2 concentrations (Bulow et al., 2010) , this implies that denitrification rates were on average higher in 2007 than in 1995.
Despite higher denitrification rates as indicated by the higher NO − 2 concentrations, the NO − 3 deficit was lower and the oxygen concentrations were higher during the SW monsoon in 2007 than in 1995 (Table 1, Figs. 5a, b, 8a ). Unlike Table 1 ). The transect is given in Fig. 3b . NO − 2 , which is constantly formed and consumed, the NO − 3 deficit is an accumulative water mass tracer which is strongly influenced by the residence time of water in the SNM. This holds true also for oxygen as long as air-sea fluxes and vertical mixing do not influence it. Accordingly, a stronger SW monsoon could have enhanced denitrification rates by increasing upwelling-driven organic carbon exports into the SNM while the stronger inflow of ICW reduced the residence time of water within the SNM and thus the concentrations of oxygen and nitrate as seen in 2007 compared to 1995 (Fig. 5b) . Associated accelerated mixing could, on the other hand, also explain the westward expansion of the SNM (Fig. 7) , the enhanced N * value, and the decreased oxygen concentrations in the upwelling region as seen in 2007 (Fig. 5c, d) . The low oxygen concentration might have also favoured the high anammox rates measured by during September 2007 on the continental margin off Oman, which in turn might have limited westward expansion of the SNM. But was the SW monsoon in 2007 stronger than the one in 1995?
Sea surface temperatures (SSTs) were used as an indicator of upwelling strength (Rixen et al., 1996) . However, its use is problematic since the impact of global warming, through mixing and deep water formation, penetrates into the Fig. 1 and Table 1 ). The transects are given in Fig. 3c and d. ocean's interior and warms the subsurface water that upwells along the coasts (Levitus et al., 2000) . In order to reduce this global-warming-induced problem, we decided to calculate the cooling caused by upwelling as the SST difference between the spring intermonsoon and the following SW monsoon (Fig. 9) . Satellite-derived records of SST from 1982 to 2007 (Smith et al., 2008) were averaged for the upwelling- 2007 was in general characterized by SW monsoons with an upwelling-induced cooling above this average (Fig. 9) . Between 1997 and 2004, decreasing SSTs and increasing chlorophyll concentrations off Somalia were linked to the shrinking Eurasian snow cover, and it was suggested that global warming started to increase the monsoon-driven upwelling (Goes et al., 2005) . In the western Arabian Sea off Oman, chlorophyll concentrations did not reveal such a clear trend but were enhanced during the SW monsoons between 1998 and 2005 compared to those determined during the SW monsoons from 2006 to 2009 (Naqvi et al., 2010) . However, according to the cooling indicator, the SW monsoon of 2007 seemed to be part of a series of monsoons which were stronger than the one in 1995 (Fig. 9) . Thus the expansion of the SNM, the enhanced denitrification rates, the lower NO − 3 deficit, and the higher oxygen concentration in the SNM during the SW monsoon in 2007 could have been a cumulative effect of a series of stronger monsoons occurring after 1995.
Holocene records
As discussed above, δ 15 N of NO − 3 is a useful tracer of denitrification (Fig. 2) . Since phytoplankton utilizes NO − 3 and forms organic matter that is exported into the deep sea, the δ 15 N signatures preserved in sediments can be used as indicators of past changes in denitrification rates in the Arabian Sea (Altabet et al., 1999 (Altabet et al., , 2002 Suthhof et al., 2001) . The only Holocene sedimentary records of δ 15 N that are almost complete are from the upwelling region off Oman (RC-2723; Altabet et al., 2002) and from the Makran coast (Pakistan) close to the SNM (MD-04 2876; Pichevin et al., 2007; Figs. 1, 10) . These two cores show increasing δ 15 N values between 6 and 7 kyr BP and the present, which were assumed to be caused by increasing denitrification rates. Since sedimentary proxies point towards reduced productivity, the increasing Holocene denitrification was explained by reduced ventilation in conjunction with a reorganization of the ICW and the NIHSIW during the Holocene sea level rise (Pichevin et al., 2007) . A decreasing productivity is also in line with palaeoclimatic records on moisture conditions derived from central Asian terrestrial archives, indicating a weakening of the monsoon from the middle to late Holocene ( Fig. 10b ; Herzschuh, 2006) . The Holocene weakening of the monsoon (Herzschuh, 2006) . The black line shows the δ 15 N record from the core RC27-23 (Altabet et al., 2002) and the blue curve reveals the δ 15 N records from the core MD-04 2876 (Pichevin et al., 2007). follows the decreasing solar insolation at 30 • N. The insolation changes were driven by variations in Earth's orbital parameters (Berger and Loutre, 1991) , which were assumed to be the main factors controlling monsoon strength (Kutzbach, 1981; Ruddiman, 2006) . However, the current sea level was reached at about 6 kyr BP (Arz et al., 2007; Bard et al., 1990; Fairbanks, 1989; Siddall et al., 2003) and the δ 15 N values continued to rise thereafter (Fig. 10) . Based on our results, we suggest that the enhanced accumulation of denitrification signals reflect an increasing mid-water residence time caused by the weakening of the monsoon and the reduced inflow of ICW.
A further consequence of weaker monsoons should be reduced isopycnal mixing and thus a larger gradient of denitrification signals between the upwelling region in the western Arabian Sea and the eastern SNM. However, a direct comparison of δ 15 N data obtained from the coast of Oman and Pakistan is difficult for several reasons. First of all, the water depth from which supplied nutrients originate differs between the upwelling and the non-upwelling regions off Oman and Pakistan. Whereas thermohaline or wind-induced mixed-layer deepening may entrain nutrients from ≤ 100 m depth (Rao et al., 1989 ) with δ 15 N NO 3 values around 9 ‰, upwelling water originates at water depths of approximately 300 m with δ 15 N NO 3 values ≥ 14 ‰ (see Fig. 2 ; Brock et al., 1992; Rixen et al., 2000) . Moreover, isotopic fractionation during nutrient uptake and during the decomposition of organic matter in surface sediments influence the sedimentary δ 15 N signals and require careful evaluation when different archives are compared (Gaye-Haake et al., 2005) .
Conclusions
Based on the JGOFS data from 1995, the area of the SNM characterized by NO − 2 concentrations > 2 µmol kg −1 was 63 % larger than a similarly determined estimate based on all pre-JGOFS data. However, the database is still too small in order to be able distinguish between trends and the pronounced seasonal and interannual variability of the spatial expansion of the core of the denitrifying zone. Seasonal variations mainly followed the monsoon-driven seasonal reversal of the current regime. During the NE monsoon, the SNM expanded westward as a result of the reversal of the current regime. During the SW monsoon the SNM retreated eastward due to the inflow of oxygen-enriched ICW.
On an interannual timescale, a stronger SW monsoon enhanced denitrification rates by increasing organic carbon export production. The associated enhanced NO − 3 losses could be compensated for by the increased inflow of ICW and the resulting enhanced NO − 3 supply, which in turn could have sustained enhanced organic carbon export production. Furthermore, the stronger inflow of ICW lowered the accumulation of denitrification tracers by reducing the residence time of water in the SNM. This finding is supported by palaeoclimatic studies showing that the enhanced preservation of accumulative denitrification tracers in marine sediments of the Arabian Sea was accompanied by a weakening of the monsoon during the Holocene (and vice versa).
